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ABSTRACT 

Laminar hot  a i r  j e t s  o f  1 /4  t o  3/4-inch diameter were employed t o  determine the  
h o t  gas i g n i t i o n  temperatures  of v a r i o u s  combustible vapor -a i r  mixtures .  The combus- 
t i b l e s  were n-hexane, n - o c t a n e ,  n-decane, a hydrocarbon j e t  f u e l  (JP-6) and an ad ipa te  
e s t e r  a i r c r a f t  engine o i l  (MIL-L-7808). 
f u e l - a i r  weight r a t i o  of abou t  0.5 and were n o t  g r e a t l y  s e n s i t i v e  t o  v a r i a t i o n s  of 
f u e l  concen t r a t ion .  
t h e s e  i g n i t i o n  temperatures .  However, t hese  temperatures decreased with an inc rease  
i n  h e a t  source dimensions ( j e t  d i ame te r )  s i m i l a r  t o  t h a t  observed i n  t h e  h o t  su r f ace  
i g n i t i o n  o f  the hydrocarbon combust ibles .  Furthermore,  i t  was noted t h a t  t h e  h o t  gas 
i g n i t i o n  temperatures o f  t h e  combust ibles  tended t o  approximate corresponding au to -  
i g n i t i o n  and wire i g n i t i o n  temperatures  when t h e  s i z e  of t he  h e a t  source and t h e  
i g n i t i o n  c r i t e r i o n  w e r e  t h e  same. Temperature p r o f i l e s  ob ta ined  f o r  1/2-inch diameter 
h o t  a i r  j e t s  ind ica t ed  t h a t  t h e  j e t  temperatures  r equ i r ed  t o  produce "hot" flame igni -  
t i o n s  and luminous o r  "cool" flame r e a c t i o n s  with t h e s e  combustibles are o f  g r e a t e r  
s i g n i f i c a n c e  than t h e  corresponding h e a t  f l u x  values .  

Minimum i g n i t i o n  temperatures occured a t  a 

Moderate v a r i a t i o n s  of j e t  v e l o c i t y  a l s o  had l i t t l e  in f luence  on 

INTRODUCTION 

Most of the  i g n i t i o n  temperature  d a t a  a v a i l a b l e  f o r  combustible f l u i d s  have been 
ob ta ined  us ing  heated vessels,  w i r e s ,  o r  t ubes  as t h e  sources  o f  i g n i t i o n .  A j e t  of 
hea t ed  a i r  o r  o t h e r  g a s ,  i f  s u f f i c i e n t l y  h o t ,  can a l s o  produce i g n i t i o n  when it comes 
i n t o  c o n t a c t  with combust ible  gases  o r  vapors .  Such an i g n i t i o n  source may be a 
problem dur ing  t h e  r u p t u r e  of an o i l  s e a l  i n  a j e t  engine o r  du r ing  b l a s t i n g  ope ra t ions  
i n  a c o a l  mine where h o t  g a s e s  a re  r e l e a s e d  from t h e  explosives  employed. The tempera- 
t u r e s  a t  which combust ible  g a s  m i x t u r e s  can b e  i g n i t e d  by laminar j e t s  of h o t  a i r  and 
ine r t  gases  have been determined on ly  i n  r e c e n t  yea r s  by Wolfhard and o t h e r s  (5,6,7) 
f o r  hydrogen, carbon monoxide, and v a r i o u s  l o w  molecular weight hydrocarbons.  The 
p r e s e n t  work was conducted t o  i n v e s t i g a t e  t h e  h o t  gas  ( a i r )  i g n i t i o n  temperature  
c h a r a c t e r i s t i c s  of several high molecular  weight hydrocarbon combust ibles  mixed with 
a i r .  

Hot gas  i g n i t i o n s  d i f f e r  from w i r e  i g n i t i o n s  and a u t o i g n i t i o n s  i n  hea ted  v e s s e l s  
p r i m a r i l y  i n  t h a t  s u r f a c e  e f f e c t s  a r e  absen t  with a h o t  gas  hea t  sou rce ,  p rov id ing  
t h e  r e a c t i o n  chamber i s  r e l a t i v e l y  l a r g e .  The h o t  gas  i g n i t i o n  temperatures  of hydro- 
carbon combustible m i x t u r e s  have been r epor t ed  t o  ag ree  g e n e r a l l y  with corresponding 
w i r e  i g n i t i o n  temperatures  b u t  t o  be much h ighe r  than t h e  a u t o i g n i t i o n  temperatures  
(AIT's) of  t h e  mix tu res  ( 7 ) .  However, according t o  our  h o t  su r f ace  i g n i t i o n  s t u d i e s  
(2 )  and t o  t h e  p re l imina ry  f i n d i n g s  of the  p r e s e n t  s tudy  (3)  which a r e  included he re ,  
t h e  v a r i a t i o n  between such i g n i t i o n  temperatures  can depend g r e a t l y  on t h e  s i z e  of 
t h e  h e a t  source and on the  i g n i t i o n  c r i t e r i o n  used. The h o t  gas  i g n i t i o n  temperature 
d a t a  of t h i s  work were ob ta ined  wi th  laminar j e t s  of ho t  a i r  i n j e c t e d  i n t o  combustible 
v a p o r - a i r  mixtures  under nea r - s t agnan t  flow cond i t ions .  
e f f e c t s  of combustible c o n c e n t r a t i o n ,  j e t  d i ame te r ,  and j e t  v e l o c i t y  f o r  a given s i z e  
of r e a c t i o n  chamber. S ince  a r e l a t i v e l y  s t a b l e  luminous j e t  i s  o r d i n a r i l y  observed 
p r i o r  t o  t h e s e  i g n i t i o n s ,  t empera tu re  p r o f i l e s  o f  t h e  j e t s  were ob ta ined  t o  compare 
t h e  h e a t  requirements f o r  t h e  i n i t i a l  luminous o r  "cool" flame r e a c t i o n s  and t h e  

Data a r e  included on t h e  
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subsequent "hot" flame i g n i t i o n s  with each combust ible .  
n-hexabe, n-octane,  n-decane, a hydrocarbon j e t  f u e l  (JP-6), and an  a d i p a t e  e s t e r  
a i r c r a f t  engine o i l  (MIL-L-7808). 

The combust ibles  included 

EXPERIMENTAL APPARATUS AND PROCEDURES 

i n  
wo 

The appara tus  used f o r  t h e  h o t  gas  i g n i t i o n  temperature  de te rmina t ions  is shown 
f i g u r e  1 and, except  f o r  some minor m o d i f i c a t i o n s ,  i s  s i m i l a r  t o  t h a t  employed by 

l f h a r d  ( 7 ) .  
was used t o  h e a t  t h e  a i r  s t ream, a c y l i n d r i c a l  r e a c t i o n  chamber i n t o  which w a s  fed t h e  
h o t  a i r  j e t  and t h e  combustible vapor-a i r  mix ture ,  and t h e  feed assembl ies  t h a t  pro- 
v ided  t h e  d e s i r e d  mixture  a t  a uniform r a t e .  The t u b u l a r  furnace  w a s  wound e x t e r n a l l y  
with platinum-rhodium w i r e  and was enclosed i n  a c y l i n d r i c a l  Nichromen-wound furnace 
(3- inch I D ) .  
long) t h a t  was a l s o  hea ted  t o  main ta in  t h e  combustible mixture  a t  a given temperature .  
Narrow s l i t s  were l o c a t e d  on both s i d e s  of t h e  enclosed p i p e  a long  i t s  l o n g i t u d i n a l  
a x i s  t o  permi t  v i s u a l  observa t ion  of flame propagat ion.  The combust ible  mixture  was 
fed  t o  t h e  r e a c t i o n  chamber through a "mixing r i n g "  ( p e r f o r a t e d  c o i l  of tub ing)  l o c a t e d  
j u s t  below t h e  base  of t h e  h o t  j e t ;  a water  j a c k e t  between t h e  r i n g  and t h e  ceramic 
t u b u l a r  furnace helped main ta in  t h e  mixture  a t  a uniform i n i t i a l  temperature .  

B a s i c a l l y ,  t h e  appara tus  c o n s i s t e d  of a t u b u l a r  ceramic furnace  t h a t  

The r e a c t i o n  chamber c o n s i s t e d  of a 4-inch diameter  Pyrex p i p e  (26 inches  

The temperatures  of t h e  h o t  a i r  je ts  were measured wi th  a 33-B&S gage plat inum/ 
platinum-10 percent  rhodium thermocouple a t  a p o i n t  of about  114 inch  above t h e  j e t  
base ;  t h e  temperature  decreased p r o g r e s s i v e l y  wi th  t h e  h e i g h t  above t h e  j e t  base  a t  a 
r a t e  t h a t  was determined i n  p a r t  by t h e  j e t  diameter  and v e l o c i t y .  The temperatures  
of t h e  combustible mixtures  were measured with t h r e e  thermocouples spaced 3 inches 
a p a r t  as shown i n  f i g u r e  1; recorded temperature  d i f f e r e n c e s  were u s u a l l y  n o t  i n  ex- 
cess  of +25". 
t a i n e d  h igher  b o i l i n g  poin t  c o n s t i t u e n t s  than  d i d  t h e  f u e l s .  The mixture  f low r a t e  
was 365 in3/min (-1 i n / s e c ) ,  and t h e  j e t  f low rate was 185 in3/min (2 50 i n / s e c ) ,  
both a t  N.T.P. c o n d i t i o n s ,  i n  t h e  experiments wi th  114, 318, and 1 /2- inch  diameter  
j e t s ;  a j e t  f low rate of 365 in3/min (-50 i n / s e c )  was used wi th  a 3 /4- inch  s i z e  j e t .  
These j e t  flow r a t e s  were used s i n c e  they appeared t o  be optimum f o r  i g n i t i o n  of t h e  
mixtures  i n  t h e  4-inch diameter  r e a c t i o n  chamber. 

A mixture temperature  of 600" F was used f o r  t h e  engine  o i l  which con- 

To conduct an experiment, t h e  temperatures  of t h e  h o t  a i r  jet  and ambient atmos- 
phere i n  t h e  r e a c t i o n  chamber w e r e  measured i n i t i a l l y .  
removed and t h e  combustible mixture  w a s  in t roduced ,  flowing c o a x i a l l y  wi th  t h e  hot  
j e t .  I f  i g n i t i o n  d id  n o t  occur ,  t h e  j e t  temperature  w a s  increased  i n  success ive  
increments  u n t i l  i g n i t i o n  was evidenced by t h e  propagat ion of flame throughout the  
combust ible  mixture .  Normally, a small precursor  flame or luminous column w a s  f a i n t l y  
v i s i b l e  above t h e  base of t h e  je t  p r i o r  t o  i g n i t i o n  ( f i g u r e  2 ) ;  t h i s  flame extended 
t o  a h e i g h t  of 6 inches o r  l e s s  above t h e  j e t  base  and resembled a p a l e  b l u e  "cool" 
flame. Fuel  res idence  time and f u e l - a i r  r a t i o  were a l s o  v a r i e d  t o  o b t a i n  t h e  minimum 
i g n i t i o n  temperatures  wi th  each s i z e  of h o t  a i r  j e t .  Genera l ly ,  i g n i t i o n s  occurred 
i n  10 t o  60 seconds,  a l though a few took p l a c e  a f t e r  as much as 180 seconds from t h e  
t i m e  t h e  combustible mixture  w a s  admit ted.  The minimum i g n i t i o n  temperature  va lues  
were r e p e a t a b l e  t o  w i t h i n  +25". 

The thermocouples were then 

Temperature p r o f i l e s  of 1/2- inch diameter j e t s  of h o t  a i r  w e r e  determined with 
t h e  j e t s  f lowing i n t o  prehea ted  a i r  and i n t o  prehea ted  combust ible  v a p o r - a i r  mix tures .  
For t h i s  purpose,  the  c y l i n d r i c a l  r e a c t i o n  chamber w a s  equipped wi th  a probe which 

* Reference t o  t r a d e  names i s  f o r  information only  and endorsement by t h e  Bureau of 
Mines i s  not  implied.  
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could be ad jus t ed  t o  make axial  and r a d i a l  temperature  measurements a t  v a r i o u s  he igh t s  
w i t h i n  t h e  h o t  gas j e t .  Adjustment of t h e  temperature  probe was made by r o t a t i n g  a 
micrometer i n  con tac t  with a movable p l a t e  suppor t ing  t h e  probe. The thermocouple 
bead o f  t h i s  probe w a s  made w i t h  36-gage platinum/platimum-rhodium wire and was coated 
wi th  a ceramic material recommended by t h e  Bureau of Standards;  a d d i t i o n  of t h e  coat-  
i n g  r e s u l t e d  i n  s l i g h t l y  lower (< 25') j e t  temperatures .  
j e t  base  temperatures  were s e l e c t e d  t o  produce t h e  i n i t i a l  luminous r e a c t i o n s  and the  
subsequent "hot" flame i g n i t i o n s  under the  given f low cond i t ions .  However, t h e  ign i -  
t i o n  r e a c t i o n s  were u s u a l l y  quenched when t h e  temperature  probe was i n s e r t e d  a t  a 
d i s t a n c e  between 0 and 4 i n c h e s  above t h e  j e t  base ;  under such cond i t ions ,  i g n i t i o n s  
were ob ta ined  only when t h e  probe w a s  pos i t i oned  a t  d i s t a n c e s  i n  excess  of about 4 
inches  above the  base  o f  t h e  j e t .  

I n  making t h e s e  measurements, 

A l l  of  t h e  n e a t  hydrocarbon f u e l s  used i n  t h i s  work were of chemical ly  pure grade,  
a t  l e a s t  99 pe rcen t  pure.  The MIL-L-7808 engine o i l  cons i s t ed  p r imar i ly  of a d i p a t e  
d i e s t e r s  which vaporized a t  temperatures  between 480" and 780" F; i t s  f l a s h  p o i n t  was 
435" F. The JP-6 j e t  f u e l  con ta ined  about 85  pe rcen t  s a t u r a t e d  hydrocarbons and 14 
percen t  aromatic  hydrocarbons;  i t s  f l a s h  p o i n t  w a s  100' F. 

RESULTS AND DISCUSSION 

Hot Gas I g n i t i o n  Temperatures 

The temperature  r e q u i r e d  t o  i g n i t e  a combust ible  vapor -a i r  mixture  with a j e t  of 
h o t  gas  depends on tQe dimensions of t h e  j e t  as w e l l  a s  on t h e  composition and v e l o c i t y  
of t h e  j e t  and combustible mix tu re .  
work, t h e  combustible v a p o r - a i r  mix tu re  was d i l u t e d  by t h e  a i r  j e t ,  p a r t i c u l a r l y  along 
t h e  i n t e r f a c e  between the two moving f l u i d s .  Accordingly,  r e l a t i v e l y  high f u e l  con- 
c e n t r a t i o n s  and low j e t  f low r a t e s  should b e  t h e  most optimum f o r  i g n i t i o n ;  low flow 
rates  p rov ide  low a i r  d i l u t i o n  r a t e s  and long  c o n t a c t  times with t h e  combustible which 
are h i g h l y  favorable  f o r  i g n i t i o n .  The r e s u l t s  p re sen ted  h e r e  f o r  n-hexane, n-octane,  
n-decane, JP-6 j e t  f u e l ,  and MIL-L-7808 engine o i l  vapor -a i r  mixtures  were c o n s i s t e n t  
i n  t h i s  connection. 

Since j e t s  o f  h o t  a i r  were used in t h e  p re sen t  

F i g u r e  3 s h o w s  t h e  v a r i a t i o n  of t h e  h o t  gas i g n i t i o n  temperatures with f u e l - a i r  
weight r a t i o  (F/A) employing 1/2- inch diameter  a i r  j e t s  flowing concur ren t ly  i n t o  the 
combust ible  vapor -a i r  mix tu res ;  j e t  flow r a t e  was 185 in3/min, and the  mixture  flow 
r a t e  w a s  365 in3/min. A s  i n  h o t  s u r f a c e  i g n i t i o n  temperature  determinat ions ( 2 ) ,  t h e  
e f f e c t  o f  F/A r a t i o  i s  seen t o  b e  s l i g h t  except  a t  low r a t i o  va lues  (-0.30) where 
t h e  i g n i t i o n  temperatures  t e n d  t o  i n c r e a s e  n o t i c e a b l y  as t h e  F/A r a t i o  i s  decreased. 
S imi l a r  behavior was a l s o  n o t e d  i n  t h e  i g n i t i o n  temperature  de t e rmina t ions  made with 
1/4, 3/8 and 3/4-inch d i ame te r  h o t  a i r  j e t s ;  f i g u r e  4 shows t h e  d a t a  obtained f o r  
n-decane with t h e  v a r i o u s  s i z e d  j e t s .  Genera l ly ,  a F/A r a t i o  of approximately 0.5 
was r e q u i r e d  t o  o b t a i n  t h e  minimum temperatures  f o r  i g n i t i o n .  Since uniform mixtures  
of t hese  combustibles i n  a i r  u s u a l l y  would n o t  b e  expected t o  propagate flame a t  such 
high F/A r a t i o s ,  t h e  observed behavior  i s  probably a t t r i b u t e d  t o  t h e  d i l u t i o n  of the  
mix tu res  and the e l e v a t i o n  o f  t h e  mix tu re  temperatures  (2 350° F) by t h e  h o t  a i r  je t .  

I n  t h e  above experiments ,  with t h e  1/2-inch diameter j e t  t he  j e t . v e l o c i t y  was 
about  50 i n / s e c  (185 in3/min)  and t h e  mix tu re  v e l o c i t y  1 i n / s e c  (365 in3/min).  Data 
ob ta ined  under o t h e r  flow c o n d i t i o n s  are  summarized i n  t a b l e  1 from experiments con- 
ducted w i t h  1/2-inch d i ame te r  j e t s  o f  h o t  a i r  and MIL-L-7808 engine o i l  vapor -a i r  
mix tu res .  It i s  ev iden t  from t h e s e  d a t a  t h a t  t h e  in f luence  of je t  v e l o c i t y  on minimum 
i g n i t i o n  temperature was n o t  g r e a t  f o r  t he  range of v e l o c i t i e s  used i n  these  experi-  
ments ;  t h i s  behavior  i s  c o n s i s t e n t  with t h a t  r epor t ed  by o t h e r  i n v e s t i g a t o r s  ( 5 ) .  
The i g n i t i o n  temperature  i n c r e a s e d  o n l y  s l i g h t l y  when t h e  j e t  v e l o c i t y  was v a r i e d  
f r o m  36.5 t o  81.0 i n / s e c  wi th  a cons t an t  mixture  v e l o c i t y  of 1.0 in / sec .  They a l s o  



increased  s l i g h t l y  when t h e  mixture  v e l o c i t y  w a s  v a r i e d  between 0.7 and 1.5 in / sec ;  
h e r e ,  t h e  j e t  v e l o c i t y / m i x t u r e  v e l o c i t y  r a t i o  was maintained a t  a c o n s t a n t  v a l u e  
s l i g h t l y  above 50. 
f o r  i g n i t i o n  of t h e  mixtures  with 1/2- inch and 3/4- inch s i z e  je ts ,  h igher  j e t  v e l o c i -  
t ies  were requi red  with 1/4- inch and 3/8-inch diameter  j e t s  t o  provide  i d e a l  h e a t  
i n p u t s  f o r  i g n i t i o n .  

Although a j e t  v e l o c i t y  of approximately 50 i n / s e c  was near  optimum 

TABLE 1. - E f f e c t  of j e t  and mixture  v e l o c i t y  on t h e  minimum h o t  
p a s  i g n i t i o n  temperature  of  MIL-L-7808 engine o i l  

with a 1 /2- inch  diameter  h o t  a i r  j e t .  
F u e l - a i r  Weight Rat io  - 0.55 

Jet Veloc i ty /  
Mixture Veloc i ty  Rat io  36.5 52.1 52.5 52.7 54.7 81.0 

I g n i t i o n  Temperature,  "F 1240 1255 1250 1270 1315 1300 
Mixture Veloc i ty ,  i n l s e c  1 .0  0.7 1.0 1 .3  1.5 1.0 

Table  2 l i s t s  the  minimum h o t  gas i g n i t i o n  temperatures  obta ined  f o r  t h e  hydro- 
carbon f u e l  and engine o i l  v a p o r - a i r  mixtures  with t h e  1/4, 318, 112 and 3/4-inch 
diameter  j e t s  of h o t  a i r .  These d a t a  a r e  a l s o  shown g r a p h i c a l l y  i n  f i g u r e  5 where t h e  
minimum i g n i t i o n  temperature  v a l u e s  a r e  p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  of j e t  diameter 
( l l d ) ;  a s i m i l a r  p l o t  i n c l u d i n g  hot  s u r f a c e  i g n i t i o n  temperatures  i s  shown f o r  the 
d a t a  found with n-decane v a p o r - a i r  mixtures  i n  f i g u r e  6 ,  which i s  d iscussed  l a t e r .  A s  
expec ted ,  the  i g n i t i o n  temperatures  of t h e s e  combust ibles  decreased c o n s i s t e n t l y  a s  
t h e  h e a t  source  diameter was increased.  However, f o r  n-oc tane ,  t h e  decrease  was only  
306 i n  vary ing  t h e  j e t  diameter  from 1/2- inch t o  314-inch. 
j e t s  w a s  no t  i n v e s t i g a t e d  because d i l u t i o n  e f f e c t s  could b e  g r e a t  f o r  t h e  s i z e  of r e -  
a c t i o n  chamber employed. For a given j e t  d iameter ,  t h e  i g n i t i o n  temperature  va lues  
f o r  the  p a r a f f i n  hydrocarbons increased  only  s l i g h t l y  with decreas ing  molecular  weight. 
Also ,  t h e  v a l u e s  f o r  t h e  JP-6 f u e l  tend t o  be t h e  h i g h e s t ,  and those  f o r  t h e  MIL-L-7808 
engine o i l  tend t o  be t h e  lowest f o r  j e t  diameters  5 0.5-inch. 
usua l  s i n c e  t h e  engine o i l  i s  a high AIT ( ~ 7 5 0 "  F) combust ible ,  whereas t h e  j e t  f u e l  
i s  a low AIT ( ' ~ 4 5 0 ~  F) combust ible  l i k e  t h e  above p a r a f f i n  hydrocarbons.  However, 
t h e  t rend  i s  c o n s i s t e n t  with t h a t  observed f o r  t h e s e  m a t e r i a l s  i n  a u t o i g n i t i o n  and 
w i r e  i g n i t i o n  temperature  de te rmina t ions  with vary ing  h e a t  source  diameters  ( 2 ) .  
Since the  thermal s t a b i l i t y  of the  combust ibles  a t  the  p e r t i n e n t  temperatures  may 
account  f o r  such observa t ions ,  decomposition s t u d i e s  would be i n t e r e s t i n g  t o  pursue,  
p a r t i c u l a r l y  with t h e  a d i p a t e  d i e s t e r s  which l a r g e l y  make up t h e  engine o i l .  

The use  of l a r g e r  s i z e  

These r e s u l t s  a r e  un- 

TABLE 2. - Minimum h o t  gas i g n i t i o n  temperatures  of t h e  hydrocarbon 
f u e l s  and engine o i l  ( f u e l  v a p o r - a i r  mix tures)  with I 

v a r i o u s  h o t  a i r  l e x  
Mixture Flow Rate - 365 in3/min (N.T.P.) 
F u e l - a i r  Weight Rat io  - Optimum f o r  i g n i t i o n  (-0.5)  

Diameter J e t  I g n i t i o n  Temperature,  OF 
of J e t ,  Flow Rate ,  Engine O i l  

inch in3/min n-Hexane n-Octane n-Decane JP-6 MIL-L-7808 

114 185 1630 1610 1600 1670 1530 
3 /8 185 1450 1440 1440 1500 1410 
1 / 2  185 1280 1250 1220 1410 1250 
3 / 4  36 5 1210 1220 1170 1290 1210 



Comparison o f  Hot Gas and Hot Surface I g n i t i o n  Temperatures 

A comparison w a s  made of t h e  a u t o i g n i t i o n ,  w i r e  i g n i t i o n ,  and h o t  gas i g n i t i o n  
temperatures  of v a r i o u s  p a r a f f i n  hydrocarbon and JP-6 f u e l  vapor -a i r  mixtures  f o r  
c y l i n d r i c a l  h e a t  sou rces  o f  about  0.4-inch diameter .  F igu re  7 shows the  v a r i a t i o n  of 
t h e s e  i g n i t i o n  temperatures  with t h e  number of carbon atoms presen t  i n  each combus- 
t i b l e ;  12 carbon atoms were assumed f o r  JP-6. The h o t  gas i g n i t i o n  da ta  f o r  t h e  low 
molecular  weight hydrocarbons a r e  those  of Vanpee and Wolfhard ( 6 ) .  The were 

d a t a  from t h e  p re sen t  s t u d y ,  i n t o  pu re  f u e l  under nea r  s t agnan t  cond i t ions  (- 1 i n /  
s e c ) .  According t o  t h e  d a t a  i n  t a b l e  1, t h e  d i f f e r e n c e  i n  j e t  flow rates should not 
be se r ious .  The a u t o i g n i t i o n  temperatures  ( 2 )  were determined i n  a qu ie scen t  a i r  
atmosphere by i n j e c t i n g  l i q u i d  f u e l  i n t o  a hea ted  c y l i n d r i c a l  Pyrex v e s s e l ,  6 inches 
long. 
d i t i o n s  (0.15 in / sec )  where t h e  combustible mixture  was passed over a heated Inconel 
wire (2  inches  long) mounted pe rpend icu la r  t o  t h e  a x i s  of flow. 
(0.3-0.5) and f u e l  r e s i d e n c e  t ime(> 1 second) were optimum f o r  i g n i t i o n  f o r  t he  data  
shown. 

obtained by i n j e c t i n g  h o t  a i r  j e t s  a t  365 in3/min, as compared t o  185 in 3 /min f o r  t he  

The wi re  i g n i t i o n  t empera tu res  (2)  were a l s o  obtained under near s tagnant  con- 

Fuel-air  weight r a t i o  

It i s  seen i n  f i g u r e  7 t h a t  t h e  i g n i t i o n  temperatures  g e n e r a l l y  decrease with 
i n c r e a s i n g  number o f  carbon atoms o r  molecular weight of t h e  combustible,  al though 
a l l  of t h e  d a t a  are no t  c o n s i s t e n t .  In a d d i t i o n ,  t h e  h o t  gas  i g n i t i o n  temperatures 
a r e  about 200' h ighe r  than t h e  corresponding w i r e  i g n i t i o n  temperatures and a t  least  
300" h ighe r  than t h e  AIT's .  Somewhat t h e  same behavior  is  found i n  comparing these 
i g n i t i o n  temperatures a t  v a r i o u s  h e a t  source diameters .  F igu re  6 shows such a com- 
p a r i s o n  f o r  n-decane v a p o r - a i r  mixtures .  Here, the  h o t  gas i g n i t i o n  temperatures 
aga in  a r e  t h e  h i g h e s t ,  and t h e i r  v a r i a t i o n  with t h e  r e c i p r o c a l  of h e a t  source diameter 
( l / d )  resembles most c l o s e l y  t h a t  d i sp l ayed  by t h e  a u t o i g n i t i o n  temperatures;  t h e  
w i r e  i g n i t i o n  temperatures  t end  t o  d i s p l a y  t h e  l ea s t  v a r i a t i o n  f o r  l / d  va lues  g rea t e r  
than 2-inch-1. Such c o r r e l a t i o n s  may improve i f  t h e  diameter  as we l l  a s  t h e  length 
of t he  h e a t  source are considered.  The c r i t e r i o n  of i g n i t i o n  i s  a l s o  important.  For 
example, t a b l e  3 shows t h a t  luminous o r  "cool" f l a m e  r e a c t i o n s  were observed a t  j e t  
temperatures  between 100" and 200' below those  r equ i r ed  f o r  ?hot' '  flame i g n i t i o n .  In 
t h e  above c o r r e l a t i o n s ,  t h e  h o t  su r f ace  i g n i t i o n  temperatures  r e f e r r e d  t o  any v i s i b l e  
flame whereas t h e  h o t  gas  i g n i t i o n  temperatures  r e f e r r e d  o n l y  t o  "hot" flame i g n i t i o n s .  
Furthermore,  the l a t t e r  temperatures  were measured nea r  t he  j e t  base  and were a t  l e a s t  
200" h ighe r  than those  a t  t h e  p l ane  where i g n i t i o n  occurred above t h e  j e t  base (see 
t a b l e  3) .  
do not d i f f e r  g r e a t l y  from t h e i r  h o t  su r f ace  i g n i t i o n  temperatures  when the  i g n i t i o n  
c r i t e r i o n  and t h e  h e a t  sou rce  dimensions a r e  t h e  same. 

Thus, t h e  h o t  gas  i g n i t i o n  temperatures  of t h e  given combustibles probably 

Considering t h a t  heterogeneous su r face  r e a c t i o n s  a r e  absen t  i n  hot  gas i g n i t i o n s ,  
some v a r i a t i o n  probably e x i s t s  between t h e  h o t  gas  and h o t  s u r f a c e  i g n i t i o n  tempera- 
t u r e s  of t h e  given combust ibles .  A t  t he  same t i m e ,  t h e s e  h o t  gas  i g n i t i o n  temperatures 
appear  to  v a r y  somewhat t h e  same a s  the  a u t o i g n i t i o n  o r  wire i g n i t i o n  temperatures 
wi th  hea t  source diameter  and with combustible concen t r a t ion  and composition. 
t h e  anomalous h o t  gas  i g n i t i o n  behavior  d i sp l ayed  by t h e  ethane and JP-6 f u e l s  i n  
f i g u r e  7 w a s  a l s o  observed i n  t h e  a u t o i g n i t i o n  o r  wire  i g n i t i o n  experiments.  
e n t l y ,  t h e  temperature dependency o f  t h e  r e a c t i o n s  c o n t r o l l i n g  t h e s e  ho t  gas and sur- 
f a c e  i g n i t i o n s  a t  a tmospheric  p r e s s u r e  d i d  n o t  v a r y  g r e a t l y  with t h e  na tu re  of t h e  
h e a t  source.  

Even 

Appar- 
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Thermal Cons idera t ions  of Hot Gas I g n i t i o n  

Hot g a s  i g n i t i o n s  are unique i n  t h a t  t h e  h e a t  source i s  e s s e n t i a l l y  f r e e  of sur -  
f a c e s  and t h e  p r e - i g n i t i o n  r e a c t i o n s  may be observed a t  r e l a t i v e l y  h igh  temperatures  
and long d u r a t i o n  ( s e v e r a l  seconds) .  React ion k i n e t i c s  involv ing  h o t  gas  i g n i t i o n s  
o f  combust ible  mixtures  may b e  s t u d i e d  by an a n a l y s i s  of rates of heat product ion  
w i t h i n  t h e  h o t  j e t  (1 ,4 ,7) .  Such informat ion  should a l s o  be u s e f u l  i n  t h e  s tudy  of 
t h e  hea t  requirements  f o r  t h e  formation of "hot" and "cool" flames. 

Thermal i g n i t i o n  of a combust ible  mixture  by a h o t  gas  j e t  should occur  a t  a 
p o i n t  i n  t h e  jet  s t ream where t h e  h e a t  generated by chemical r e a c t i o n  i s  g r e a t e r  than 
t h e  h e a t  l o s t  from t h e  system. I f  r a d i a l  convect ion i s  assumed t o  b e  n e g l i g i b l e  and 
a x i a l  convect ion t o  be most impor tan t ,  t h e  h e a t  ba lance  equat ion  can  be reduced to  t h e  
fo l lowing  express ion  accord ing  t o  o t h e r  i n v e s t i g a t o r s  ( 1 ) :  

r 1 

1 Q = pCpvy k$ - (c) 
2 Y  Q=o 

where Q is r a t e  of h e a t  r e l e a s e  by chemical r e a c t i o n ,  p i s  d e n s i t y  of  t h e  gas j e t ,  Cp 
i s  s p e c i f i c  h e a t ,  vy  i s  a x i a l  v e l o c i t y ,  and T i s  j e t  temperature .  S ince  pCpvy v a r i e s  
s l i g h t l y  with temperature ,  t h e  h e a t  r e l e a s e  can b e  determined by measuring t h e  a x i a l  
j e t  temperature  p r o f i l e s  with combustible and without  combust ible  p r e s e n t  

(g)Q=o. Such measurements were made h e r e  with t h e  1/2- inch diameter  h o t  a i r  j e t  

flowing i n t o  prehea ted  a i r  o r  preheated f u e l  v a p o r - a i r  mix tures  a t  350" F; a mixture  
temperature  of 600" F w a s  used with t h e  MIL-L-7808 engine o i l .  The j e t  flow r a t e  was 
185 in3/min, t h e  mixture  f low r a t e  was 365 in3/min,  and t h e  f u e l - a i r  weight r a t i o  was 
about  0.25. Since t h e  low j e t  flow r a t e  produced s t e e p  a x i a l  temperature  g r a d i e n t s ,  
t h e  use of  equat ion  (1) w a s  only a p p l i c a b l e  t o  low j e t  h e i g h t s .  Furthermore,  t h e  Q 
v a l u e s  which were determined h e r e  should b e  considered only  as r e l a t i v e  v a l u e s  because 
of experimental  u n c e r t a i n t i e s .  

The above measurements were made i n  t h e  c e n t e r  of t h e  hot  a i r  j e t  where t h e  r a d i a  
temperature  g r a d i e n t  was minimum. F igure  8 shows t h a t  t h e  r a d i a l  t empera ture  p r o f i l e s  
f o r  the 1 /2- inch  diameter  a i r  j e t  ( Q a s e  = 1265" F) a r e  reasonably symmetrical  and a r e  
e s s e n t i a l l y  f l a t  up t o  a r a d i a l  d i s t a n c e  of about  0.05 inch  f o r  d i s t a n c e s  up t o  2 
inches  above t h e  j e t  base. 
are much g r e a t e r  because of the  low j e t  flow r a t e s  employed h e r e  t o  o b t a i n  minimum 
i g n i t i o n  temperatures .  

I n  comparison, t h e  corresponding a x i a l  temperature  g r a d i e n t s  

Figure 9 shows t h e  a x i a l  temperature  p r o f i l e s  ob ta ined  wi th  prehea ted  a i r  and 
A t  the  n-decane v a p o r - a i r  mix tures  a t  j e t  base  temperatures  of 1060" and 1265' F. 

lower temperature ,  h e a t  e v o l u t i o n  i s  n o t  e v i d e n t ,  and t h e  curve d e s c r i b i n g  t h e  d a t a  
with combust ible  p r e s e n t  is  below o r  c o i n c i d e s  with t h e  one found wi thout  combustible. 
J e t  base temperatures  i n  excess  of 1060" F were requi red  t o  form luminous r e a c t i o n s  
o r  "cool" flames. A t  1265" F ,  t h e  curve with combustible p r e s e n t  i s  n o t i c e a b l y  above 
t h e  corresponding one wi thout  combust ible  a t  d i s t a n c e s  equal  t o  and g r e a t e r  than 1-1/2 
inches  above t h e  jet  base.  
pec ted  to  overcome t h e  thermal  l o s s e s  and produce "hot" flame i g n i t i o n ;  a j e t  base 
temperature  of about  1280' F produced i g n i t i o n  without  t h e  temperature  probe present .  
Although sampling d a t a  of r e a c t i o n  products  w e r e  incomplete ,  t h e s e  d a t a  a l s o  i n d i c a t e d  
t h a t  the  e x t e n t  of r e a c t i o n  became n o t i c e a b l e  a t  j e t  h e i g h t s  of about  1 - 1 / 2  inches 
f o r  j e t  temperatures  near  c r i t i c a l  f o r  i g n i t i o n .  
were obta ined  with n-hexane, n-octane,  JP-6 f u e l ,  and MIL-L-7808 engine  o i l  vapor-a i r  

Here, a s l i g h t  i n c r e a s e  of j e t  temperature  would be ex- 

S i m i l a r  a x i a l  t empera ture  p r o f i l e s  
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mix tu res .  I n  a l l  c a s e s ,  t h e  temperature  d i f f e r e n c e s  observed with and without  com- 
b u s t i b l e  became s i g n i f i c a n t  a t  h e i g h t s  equal  t o  o r  g r e a t e r  than about 1-1/2 inches 
above the  j e t  base.  Motion p i c t u r e  r eco rds  of t h e  i g n i t i o n  of n-octane vapor -a i r  
mix tu res  ind ica t ed  t h a t  i g n i t i o n  o f  t hese  mix tu res  occurs  about 3 inches above t h e  
j e t  base  wi th  t h e  1/2-inch diameter  j e t  a t  1400' F ( f i g u r e  10);  t h e  h e i g h t  a t  which 
i g n i t i o n  occurs  can b e  expected t o  i n c r e a s e  with dec reas ing  temperature.  

From t h e  a x i a l  t empera tu re  p r o f i l e s ,  t h e  c r i t i c a l  j e t  temperature  and h e a t  f l u x  
which may produce ' h o t "  and "cool" flame r e a c t i o n s  were determined f o r  each of t he  
combust ibles .  
where i n i t i a l  r e a c t i o n  w a s  n o t i c e a b l e ;  a h ighe r  l e v e l  w a s  avoided s i n c e  t h e  j e t  tended 
t o  be less  cohe ren t ,  i n  which c a s e  r a d i a l  convect ion could be as  important a s  a x i a l  
convect ion.  The gas v e l o c i t y  r equ i r ed  i n  equa t ion  (1 )  was determined from photographs 
of dus t  p a r t i c l e  t r a c k s  of d u s t  e n t r a i n e d  i n  t h e  j e t  stream and i l l umina ted  a t  s e l e c t e d  
time i n t e r v a l s .  A p a r t i c l e  v e l o c i t y  of 73 i n / s e c  was obtained nea r  t he  c e n t e r  of  the  
j e t  a t  d i s t a n c e s  between 1 and 2 inches above the  j e t  base.  I n  t a b l e  3,  one observes 
s i g n i f i c a n t  d i f f e r e n c e s  between t h e  temperatures  which d e f i n e  t h e  two i g n i t i o n  condi- 
t i o n s  for each combustible.  However, t he  a x i a l  h e a t  f l u x  va lues  (AI?=,) vary l i t t l e  
s i n c e  the  terms pC v and T /  y i n  equat ion (1) were no t  s e n s i t i v e  t o  moderate tan- 
p e r a t u r e  changes. ' d u s  t empera tu re  c o n t r o l s  t h e  h o t  gas i g n i t i o n s  t o  a g r e a t e r  ex ten t  
t han  t h e  r a t e  of hea t  i n p u t ;  t h i s  behavior i s  no t  unusual  f o r  a h e a t  source of r e l a -  
t i v e l y  l a r g e  diameter.  

The r e f e r e n c e  temperature  was taken a t  1-1/2 inches  above t h e  j e t  base 

i 
i 
i 

TABLE 3. - Crit ical  t empera tu re  and h e a t  f l u x  f o r  "cool" flame o r  luminous 
r e a c t i o n s  and "hot" flame i g n i t i o n s  with 1/2-inch diameter 

h o t  a i r  j e t  flowing i n t o  v a r i o u s  combustible 
vapor -a i r  mixtures .  

J e t  Flow Rate - 185 in3/min 
Mixture  Flow Ra te  - 365 in3/min 
F u e l - a i r  Weight R a t i o  - 0.25 t o  0.30 1 

Tb2se TIL' Aq=oxlOO Tbase T;L/ A q = ? X l O O  9221 
Combustible F O F  Btu/ in3-sec OF F Btu/ in3-sec Btu/ in3-sec 

n- Hexan e 1350 1100 5.55 1455 1190 5.60 1.25 
n-Octane 1150 900 5.35 1330 1085 5.50 1 .25  
n-Decane 1060 750 5.30 1265 1065 5.50 2.15 
JP-6 Fuel  1265 1035 5.45 1415 1195 5.55 2.45 
MIL-L- 7808 

Engine O i l  1320 1130 5.55 1415 1155 5.55 0.60 

1/ Jet  temperatures above which "cool" (TI) and "hot" (T2) flame i g n i t i o n s  can 
I 

- 
occur;  measured a t  1-1/2 inches  above je t  base.  
Heat r e l e a s e  determined from a x i a l  convect ion with and without  combustible - 2/  I 

- +o) a t  T2. 

The r a t e s  of h e a t  r e l e a s e  (42)  i n  t a b l e  3 correspond t o  temperature  r i ses  between 
l o o  and 40' F which were observed a t  t h e  j e t  h e i g h t  of 1 - 1 / 2  inches.  
i s  a p p l i c a b l e ,  a temperature  r i se  of about 160' t o  180' F would b e  r equ i r ed  t o  obtain 
a h e a t  ba l ance  between t h e  h e a t  r e l e a s e  r a t e s  and t h e  a x i a l  convect ive h e a t  l o s s e s  (A )  
and thereby produce i g n i t i o n .  Indeed,  temperature  r ises as high a s  about 140' have 
been observed i n  o t h e r  s imi l a r  experiments conducted a t  temperature  cond i t ions  near 
optimum f o r  i g n i t i o n .  
magnitude were r e a l i z e d .  
i n d i c a t e  t h e  p o s s i b i l i t y  o f  i g n i t i o n ,  t he  use  of equa t ion  (1) i n  t h i s  connection i s  more 

I f  equat ion (1) 

O r d i n a r i l y ,  i g n i t i o n s  r e s u l t e d  b e f o r e  temperature  r ises  of t h i s  
Although such a x i a l  temperature  measurements can be u t i l i z e d  t o  
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a p p l i c a b l e  a t  r e l a t i v e l y  h igh  j e t  f low r a t e s  which t end  t o  produce uniform je ts  and 
small a x i a l  temperature  g r a d i e n t s .  Accordingly,  similar d a t a  a r e  p r e s e n t l y  being 
ob ta ined  a t  a j e t  flow rate  of  365 in3/min t o  examine t h e  r e a c t i o n  k i n e t i c s  involved 
i n  t h e  h o t  gas i g n i t i o n s  of  t h e  given combust ibles .  

CONCLUSIONS 

The h o t  gas  i g n i t i o n  temperatures  of v a r i o u s  hydrocarbon f u e l  and engine o i l  
v a p o r - a i r  mixtures  decreased w i t h  i n c r e a s i n g  d i ame te r  of t h e  h o t  a i r  je t .  These t em-  
p e r a t u r e s  a r e  n o t  g r e a t l y  dependent on f u e l - a i r  r a t i o  and j e t  flow rate. 
do n o t  d i f f e r  g r e a t l y  from h o t  s u r f a c e  i g n i t i o n  temperatures  f o r  comparable h e a t  
source diameters .  The formation of ' h o t "  flames and luminous r e a c t i o n  zones o r  "cool" 
flames i n  t h e s e  h o t  gas  i g n i t i o n s  appear  t o  depend more on j e t  temperature  than on 
r a t e  Of h e a t  i npu t .  

They also 
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Figure 1. - Hot gas i g n i t i o n  temperature apparatus. 
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Figure  2.-y "- Precur so ry  flame formed i n  p r e - i g n i t i o n  r e a c t i o n  o f  1 /4- inch  
d iameter  h o t  a i r  j e t  (1670O F) wi th  a uniform oc tane-vapor-  
a i r  mix tu re  a t  350' F. 

J e t  f low rate  - 185 in3/min  Fue l - a i r  weight r a t i o  - 0.14 
. -  .. Mixture  f low rate  - 365 in3/min  Scale: 1 inch  = 0.935 inch  
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Figure  3.  - Varia t ion  o f  h a t  gas  i g n i t i o n  temperature  with f u e l - a i r  weight r a t i o  

f o r  v a r i o u s  hydrocarbon combustible v a p o r - a i r  mix tures  with 1/2- inch 
diameter  j e t s  of h o t  a i r  (Mixture f low r a t e  - 365 i n 3 / m i n ~  
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Figure  4 .  - V a r i a t i o n  of h o t  gas  i g n i t i o n  temperature  with f u e l - a i r  
weight r a t i o  and diameter o f  h o t  a i r  j e t  f o r  n-decane vapor- 
a i r  m i x t u r e s  (Mixture flow r a t e  365 in3/min, N.T.P.) 
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Figure 9. - Axial temperature profiles for 1/2-inch diameter j ts 
of hot air flowing at 185 in /min, (N.T.P.) into pre- 
heated air and n-decane vapor-air mixtures at 350' F. 
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Figure 10. - Motion p i c t u r e  records  showing t h e  i g n i t i o n  of an 
n-octane v a p o r - a i r  mix ture  with a 1/2- inch diameter 
h o t  a i r  j e t  a t  1400' F. 

J e t  f l o w  r a t e  - 185 in3/min (N.T.P.) 
Mixture  f low rate - 365 in3/min (N.T.P.) 
Camera speed - 360 frames/sec 

Sca le :  1 /4- inch  = 5 . 4  inches  f o r  frames 1-11. 
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